Objectives: The aim of this study was to identify the profile of antibiotic resistance among E. coli O26, O103 and O145 in two cohorts of Scottish beef cattle on two farms and to determine whether there is an association between resistant phenotypes and the genotypic PFGE patterns to suggest clonality among resistant strains.
Introduction
Escherichia coli is part of the normal gastrointestinal flora in humans and animals; however, certain serotypes such as O26, O103 and O145 have been associated with human and animal infections. Shigatoxin-producing Escherichia coli (STEC) O26, O103 and O145 may produce toxins Stx1 or Stx2, or both. Non-O157 STEC isolated from cattle have been associated with cattle and human urinary tract and enteric infections. 1, 2 In humans the clinical symptoms range from uncomplicated watery diarrhoea to haemorrhagic colitis (HC), and haemolytic uraemic syndrome (HUS). 3 The pathogenic difference between STEC, enteropathogenic E. coli (EPEC) and the E. coli in normal gut flora is in their carriage of virulence factors. 1 STEC isolates that carry the plasmid-encoded enterohaemolysin ehxA gene and the intimin gene eae are called EHEC (enterohaemorrhagic E. coli). Escherichia coli O26, O103 and O145 strains that lack stx1 and stx2 but carry the eae gene are categorized as EPEC, which is classified into 'typical' and 'atypical' strains: strains that are eae þ and harbour EAF plasmid (bfpA þ ) are classified as 'typical' and strains that are eae þ but do not possess the EAF plasmid are classified as 'atypical'. 4 EPECs have the ability to cause intimate attachment to epithelial cells. 5, 6 Over the past few years more outbreaks have been associated with non-O157 STEC isolates in humans. 7 -13 In Scotland, STEC and EPEC have been found in cattle 14 and have been associated with human infections. 15 Integrons and plasmids are important in dissemination of antibiotic resistance genes, especially among Gram-negative bacteria. Multiresistant integrons can carry as many as five resistance genes. 16 Most studies identify the susceptibility of STEC isolates to antibacterial agents at cross-sectional levels in relation to virulence factors in cattle 17 -21 or in clinical human isolates. 22, 23 However, the purpose of this surveillance study of two bovine cohorts on two Scottish farms was to identify E. coli O26, O103 and O145 strains from the faecal samples recovered, their antimicrobial resistance profiling and PFGE analysis, to determine whether the resistance phenotypes and genotypes correlate.
Methods

Study group and sampling
Two cohorts of cattle were sampled, each on two different mixed beef and sheep farms (A and B) located 22 kilometres apart in northern Scotland. The complete sampling method and the rates of prevalence of shedding different serotypes of E. coli have been discussed previously. 14 The first cohort comprised 49 calves born in the months of August to November 2001 and their 45 dams. Calves in the first cohort were sampled at birth, then weekly until the end of the sampling period in January 2002. One calf died shortly after birth and was sampled once; a second calf died 4 weeks after birth and was sampled three times. Dams of calves in the first cohort were sampled at the time of calving and at the end of the sampling period, with the exceptions of one dam which was sampled at calving only, one dam which was sampled at the end of the sampling period only, and a third dam which was sampled neither at calving nor at the end of the sampling period. The second cohort comprised 41 calves born in March to April 2004 and their 41 dams. Calves in the second cohort were sampled at birth, then weekly until the end of the sampling period in July 2004. Three calves born on farm B were transferred to farm A in July 2001; however, we are not aware of any other cattle transfers between the two farms. The farms did not share a common water source and the farmers grew their own silage. Both farms bought in concentrates and may have had a common supplier. However, we do not know if they received concentrates from a common batch at any time before or during the study. According to the farmers' records none of the animals was on antibiotics at the time of sampling.
Bacterial isolation
One gram of faeces from each sample was suspended in 20 mL of buffered peptone water (BPW), and incubated at 378C for 6 h. Following incubation, an immunomagnetic separation (IMS) technique was performed as described previously.
14 Fifty-microlitre suspensions of serogroup O26, O103 and O145 beads were plated on Chromocult TBX plates (Merck, Poole, Dorset). Plates were incubated at 378C overnight. From each Chromocult TBX plate, colonies were tested against serogroup specific antisera (Statens Serum Institut, Copenhagen, Denmark) by a slide agglutination test.
Virulence factors
PCR was performed on all isolates in 50 mL volumes using HotStar Taq polymerase (Qiagen, UK) with primers corresponding to stx1/2, eae and ehxA as previously described. 14 
Minimum inhibitory concentrations
The MIC values were determined by the agar dilution method using a Denley multipoint inoculator (Denly, Billinghurst, UK) and with doubling dilutions of antibiotic solution on Iso-Sensitest Agar (Difco). Bacterial strains were grown overnight in LB broth at 378C. A dilution of the overnight culture was made in 0.9% normal saline to an approximate concentration of 10 7 cfu/mL. The surface of Iso-Sensitest agar plates containing the antibacterial agents were then inoculated with a 2 mL volume of the freshly diluted bacterial suspension by a multipoint inoculator to give a final concentration of 2 Â 10 4 cfu per spot. All plates were incubated at 378C overnight. Pseudomonas aeruginosa NCTC 10662, E. coli NCTC 10418 and Staphylococcus aureus NCTC 6571 were used as controls on every plate.
Based within veterinary context, b-lactams, aminoglycosides, quinolones and other antibiotics frequently used in farm animals were selected for this study. 26 with the exception of apramycin which is not used in human medicine. The MIC breakpoint for apramycin was based on previous studies performed in this laboratory. 27, 28 Pulsed-field gel electrophoresis PFGE analysis was based on techniques described elsewhere. 14 After PFGE, the gels were stained with ethidium bromide, and digital images of each gel were captured by Gel Doc 2000 (Bio-Rad, UK) and Bio-Rad Diversity Database software image capturing system. To normalize bands from one gel to another, a mid-range molecular weight lambda marker (New England BioLabs, UK) was included in three lanes of each gel as well as an internal E. coli O157 control on every gel. Comparison of digested profiles of isolates was performed using BioNumerics (version 4.0) software (Applied Maths, Ghent, Belgium). This software facilitated the development of the algorithms necessary for gel analysis including the comparison of profiles of isolates based on the Dice coefficient, preparation of a phylogenetic tree and cluster analysis using the hierarchical un-weighted pair arithmetic average algorithm with an optimization of 1.0% and a tolerance of 0.7%. Fragments smaller than 48.5 kb in length were not used in the analysis.
Polymerase chain reaction for detection of class 1 and 2 integrons
PCR was performed on all isolates in 50 mL volume using HotStar Taq polymerase (Qiagen, UK) with primers corresponding to intI1 and intI2 transposons as described previously. 16, 29 Primer sequences were as follow: Int1.F (GGGTCAAGGATCTG GATTTCG), Int1.R (ACATGCGTGTAAATCATCGTCG) and IntI2.F (CACGGATATGCGACAAAAAGGT), IntI2.R (GTAG CAAACGAGTGACGAAATG). Conditions for amplification were as follows: 958C for 15 min, 30 cycles of 958C for 60 s, 628C for 60 s and 728C for 60 s, and an additional 10 min extension at 728C. Product sizes of 483 bp and 788 bp were observed for intI1 and intI2, respectively. Table 1 shows the total number of E. coli O26, O103 and O145 detected over the sampling period and the presence of stx1, stx2, eae and ehxA. The majority of STEC detected in calves were of serogroup O26 harbouring stx1, eae and ehxA genes (228/370, 61.6%), and the majority of the E. coli O145 did not carry any of the pathogenic markers. Over the sampling period, 41.4% (55/133) animals shed more than one serogroup, either concurrently or at different sampling dates.
Results
Bacterial isolates
Antibiotic susceptibility
All E. coli O26 isolates were susceptible to apramycin (MIC ,8 mg/L), cefalexin (MIC ,8 mg/L), chloramphenicol (MIC ,8 mg/L) and nalidixic acid (MIC ,16 mg/L) ( Table 2) . Only 2.7% of these were resistant to one of the antibiotics tested, and 2% were resistant to two or more antibiotics.
All E. coli O103 isolates were susceptible to apramycin (MIC ,8 mg/L), nalidixic acid (MIC ,16 mg/L) and neomycin (MIC ,8 mg/L). Of these, 49.3% were resistant to at least one antibiotic tested and 8.6% were resistant to two or more antibiotics (Table 3) .
All E. coli O145 isolates were susceptible to apramycin Table 2) . Resistance to at least one antibiotic tested was observed in 61.5% strains and multidrug resistance was found in 30.8% isolates (Table 3) .
PFGE patterns
We detected 13 different PFGE patterns for E. coli O26 after restriction with the XbaI enzyme (Figure 1) . On farm A, from August 2001 to January 2002, seven different PFGE patterns [A_O26 (1.05%), B_O26 (1.05%), C_O26 (4.2%), E_O26 (1.05%), F_O26 (1.05%), H_O26 (1.05%) and K_O26 (90.5%)] were detected. PFGE type K_O26 was the most prevalent during this sampling period. Most (93%) of the PFGE type K_O26 contained stx1, eae and ehxA genes. During the sampling period on farm B from March 2004 to July 2004, seven patterns were identified by PFGE. These included D_O26 (5.4%), G_O26 (10.9%), I_O26 (1.8%), K_O26 (50.9%), L_O26 (27.3%), O_O26 (1.8%) and T_O26 (1.8%); 1.8% were non-typeable. Type K_O26 was also the most the dominant type on farm B. Table 2 . Percentage of resistance in the population according to the CLSI breakpoint guidelines We observed that 11/40 (27.5%) of the calves that were sampled at different times and shed E. coli O26 displayed different PFGE patterns at consecutive sampling dates (Table 4) . A particular example was a calf from farm B (B-129) which was sampled three times within the 6 week sampling frame and each time a different pattern was observed.
PFGE with XbaI on E. coli O103 strains revealed 27 different patterns (Figure 2 ). Thirty isolates were non-typeable with PFGE. On farm A, 23 PFGE patterns were detected and 5 on farm B. We observed that 10/26 (3.8%) calves that were sampled at least two times and shed E. coli O103 over the sampling period displayed different PFGE patterns at consecutive sampling dates (Table 4 ). An example is a calf from farm A (A-515) that shed isolates with different PFGE types.
There were six different PFGE patterns with the XbaI restriction enzyme for E. coli O145 (Figure 3 ).
Class 1 and 2 integrons
Four E. coli O26 isolates were found to carry a class 1 integron, and none carried a class 2 integron. One of the multiresistant isolates was non-typeable with PFGE (Table 3) .
A class 1 integron was also detected in four E. coli O103 isolates (Table 3) . Two of these (7199 M and 7235 M) having antibiotic resistance pattern ampicillin/co-amoxiclav/tetracycline/trimethoprim were of PFGE type P_O103, and two others (7174 M and 7187 M) having the core resistance profile of neomycin/streptomycin/tetracycline/trimethoprim were typed as H_O103.
Among multiresistant E. coli O145, a class 1 integron was detected in one isolate harbouring stx1, eae and ehxA; however, it was non-typeable with PFGE. A class 2 integron was also detected in one streptomycin-and trimethoprim-resistant E. coli O145 that was PFGE type F_O145.
Discussion
Escherichia coli O26, O103 and O145 strains are important zoonotic pathogens; therefore the emergence or the dissemination of antibiotic resistance genes among the bacterial flora of foodproducing animals as well as in clinical settings are significant. Previous studies on antibiotic resistance among E. coli serotypes O26, O103 and O145 have involved reports on the prevalence of antibiotic resistance and the prevalence of virulence factors.
19,21
The aim of this study was to determine whether an association existed between antibiotic-resistant E. coli O26, O103 and O145 isolates and their PFGE patterns in cohorts of Scottish beef cattle.
Over the sampling period, 41.4% of animals shed more than one serogroup either concurrently or at different sampling dates, suggesting the simultaneous shedding of more than one strain. 20, 30 The interpretation of the susceptibility results for some antibiotics can vary a great deal, depending on the application of BSAC or CLSI guidelines for the relevant breakpoints. In general, the BSAC suggested breakpoints, while comparing favourably with other European standards, 31 are conservative to those suggested by the American organization-the CLSI guidelines. The CLSI (NCCLS 2001) recommendations would result in a lower prevalence of resistance to certain antimicrobials. Given that this is part of a British study, and the isolates were collected in Scotland, the BSAC breakpoints should have been applied to this study. However for comparative purposes we have applied the CLSI breakpoints.
In general, resistance to antibiotics is less widespread in Scotland compared with other countries where studies have been made. 18, 19 The reason for the lower prevalence might be the impact of farm management. In the USA, 50% of E. coli shed by the food-producing animals are resistant to antibiotics. In Brazil, from 1976 to 1999, resistance to at least one antibiotic was identified in 51.7% of the STEC strains in humans. 23 Overall among E. coli O26 isolates on the two farms during the sampling periods, PFGE type K_O26 was the dominant type. The persistence or frequent re-infection was clearly evident; however, the reason for the persistence from 2001 to 2004 on two different farms, which did not interact, was unclear, although environmental factors such as changes in housing and feed might play a crucial role. 32, 33 It will be interesting to observe in a comprehensive study if this type is detected on different farms in Scotland and if it has been associated with human infections.
In this study, PFGE demonstrated that compared to serogroup O26, E. coli O103 is genetically more diverse. In cattle populations the genetic diversity is not only dependent on virulence factors, and thus environmental dynamics are also crucial to the serotype's diversity and the ability to disseminate and persist among cattle populations.
Resistance to antibiotics in Enterobacteriaceae can be caused by mutation or spread by horizontal transfer of mobile DNA elements such as plasmids, transposons and integrons. 18 Integrons have the ability to capture antibiotic resistance genes by site-specific recombination. Based on the type of integrase gene, five integron classes have been described to date. 34 This study and several others 11, 18, 29 demonstrated that integrons are present in STEC strains which confer resistance to antibiotics. Class 1 integrons containing sulI (sulphonamide resistance), aadA1 (streptomycin resistance) and/or dfrA1 (trimethoprim resistance) 11, 18 are widely disseminated. Class 2 integrons are associated with Tn7 and carry three gene cassettes: dfrA1, sat1 and aadA1, which confer resistance to trimethoprim, streptothricin and streptomycin/spectinomycin, respectively. Class 1 and 2 integrons are the most common for antibiotic resistance among some multiresistant strains. Most (66.7%) of the multiresistant E. coli O26 strains in this study contained a class 1 integron and all, except for one strain that could not be typed by PFGE, resembled PFGE pattern G_O26. This is of particular interest regarding the clonality of multidrug resistance in community bacteria. Diversity in PFGE genotypes was more noticeable in E. coli O145 strains. Unfortunately, the number of detected E. coli O145 on the two sampled farms was too low to draw any meaningful conclusions. Several isolates displayed resistance to multiple antibiotics Table 4 . PFGE banding patterns of 23 Escherichia coli O26 and 22 E. coli O103 isolates from 11 and 10 calves, respectively, at different sampling dates, after digestion with XbaI endonuclease with the banding group types and their virulence factors but did not contain any gene cassettes conferring resistance; therefore other mechanisms contribute to the antibiotic resistance. 18 It has previously been shown that the age of the cattle is an important factor in the prevalence of resistant commensal faecal E. coli where generally the younger animals display more resistance than isolates from the older animals. 27, 35, 36 In conclusion, we identified antimicrobial resistance among E. coli O26, O103 and O145 in a bovine reservoir on two beef cattle farms in Scotland. Notably, the diversity in PFGE types among E. coli O26 was less than the rapidly changing populations of E. coli O103 and O145. Among E. coli O26 and O103, some antibiotic resistance phenotypes were specific to defined clones. The dissemination and persistence of selective PFGE genotypes among cattle population was evident in this study. It will be interesting to demonstrate if such clones have been associated with human infections. P_O103  R_O103  I_O103  N_O103  Q_O103  K_O103  W_O103  M_O103  O_O103  T_O103  E_O103  J_O103  C_O103  D_O103  F_O103  B_O103  BC_O103  Q1_O103  U_O103  G_O103  V_O103  H_O103  Z_O103  L_O103  X_O103 Figure 3 . Relationship between the PFGE banding patterns after digestion with XbaI endonuclease for the Escherichia coli O145 strains showing the percentage similarity between group types and clustered using DICE/ UPGMA with an optimization of 1.0% and a tolerance of 0.7%.
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